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Abstract : E x p e r i m e n t a l  r e q u i r e m e n t s  fo i a  m o d e r n  l a s e r  R a m a n  s c a t t e r in g  ( R S )  (a n d  
p h o t o - l u m i n e s c e n c e  ( P L ) ]  l a b o r a to r y  h a v e  b e e n  r e v i e w e d .  It is  d e m o n s t r a t e d  th a t  R S  a n d  P L  
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l. Introduction
li is indeed a pleasure and priviledge for me to be invited to Indian Association lor the 
Cultivation of Science to deliver the 7th S C Sirkar Memorial Lecture today. These lectures, 
I was told, have been delivered earlier by noted physicists Drs. S S Jha, G S Agarwal, (late) 
P S Narayanan, D K Rai, D D Pant, etc. I express my hearty thanks to Professor D 
Chakravony, Director of IACS, Professor S K Mukherjce, the President of the 1ACS and 
Prolcssor T N Misra, Head Spectroscopy Department, for giving me this great honour oi 
visiting your august and ranking Institution at Calcutta. Bengal represents the Indian 
Science and Culture since the educational renaissance in the country. All intcrnatii 
honours in science, literature and humanities to India (through 4 nobel laureate;
* V|1 S C  S i r k a r  M e m o r i a l  L e c t u r e - 1 9 9 6  d e l i v e r e d  at th e  I n d ia n  A ss o c ia tio n  t o r  the 
C u ltiv a tio n  o f  S c i e n c e ,  J a d a v p u r ,  C a l c u t t a - 7 0 0  0 3 2 ,  I n d i a  o n  D e c e m b e r  2 0 . 1 9 9 6 ©  1 9 9 7  I A C S
H  n  H ist
S r i  R a v i n d r a  N a ' h  T a g o r e ,  S i r  C  V  R a m a n ,  D r  S  C h a n d r a s e k h a r ,  M o t h e r  T e r e s a  a n d  o t h e r s  
l i k e  D r  S  N  B u s c ,  D r  M  N  S a h a  a n d  J  C  B o s e  etc.) h a v e  t o  b e  a s s o c i a t e d  w i t h  C a l c u t t a  
( B e n g a l ) .  T h e  I n d i a n  r e l i g i o u s  o u t l o o k  w a s  p r o p a g a g t e d  b y  p e r s o n s  l i k e  S r i  A u r b i n d o  and 
S w a m i  V i v e k a n a n d .  P h i l a n t h r o p i s t  l i k e  M o h e n d r a l a l  S i r c a r  a n d  v i c e - c h a n c e l l o r s  l i k e  
S i r  A s h u l o s h  M u k h e r j c e  l a i d  t h e  f o u n d a t i o n  f o r  c u l t i v a t i n g  a n d  p r o m o t i n g  g e n i u s e s  l i k e  
S i r  C  V  R a m a n  a t  t h i s  p l a c e .  I n  t h e  w o r d s  o f  S i r  C  V  R a m a n  m  h i s  l e c t u r e  o n  4 t h  J u l y ,  1931 
o n  t h e  o c c a s i o n  o f  c i v i c  r e c e p t i o n  t o  h i m  b y  t h e  C a l c u t t a  C o r p o r a t i o n  " C a l c u t t a  h a s  b e e n  
t h e  i n t e l l e c t u a l  m e t r o p o l i s  n o t  o n l y  o f  B e n g a l ,  o r  o f  I n d i a ,  b u t  o f  t h e  w h o l e  o f  A s i a  
f r o m  w h i c h  h a s  g o n e  f o r t h  a  l i v i n g  s t r e a m  o f  k n o w l e d g e  i n  m a n y  b r a n c h e s  o f  s t u d y " .  I n  th e  
s a m e  y e a r  i n  a  m e s s a g e  t o  t h e  c i t i z e n s  o f  C a l c u t t a ,  R a m a n  r e m a r k e d  " t h e  o p p o r t u n i t i e s  t h a t  
h a v e  c o m e  t o  m e  t o  s e r v e  t h e  c a u s e  o f  s c i e n c e  a n d  o u r  c o u n t r y  i s  d u e  t o  t h e  e f f o r t s  o f  
C a l c u t t a ' s  t w o  g r e a t e s t  c i t i z e n s  i n  t h e  p a s t - D r  M o h e n d r a l a l  S i r c a r  a n d  S i r  J ^ s h u l o s h  
M u k h e r j e e .  T o  t h e m  a n d  t o  m a n y  o t h e r s ,  h a p p i l y  s t i l l  l i v i n g ,  I  o w e  a  d e e p  d e b t  M a y  I 
e x p r e s s  m y  g r a t i t u d e "  I r e e m p h a s i z e  t h e  a b o v e  r e m a r k s  o f  S i r  C  V  R a m a n  t o  p r e s e n t  l i v i n g  
a n d  p a s t  f u n c t i o n a r i e s  o f  t h i s  I n s t i t u t e  o n  m y  b e h a l f  f o r  t h e i r  e f f o r t s  i n  a d v a n c i n g  s c i e n c e  
a n d  t e c h n o l o g y
I t  i s  m y  u n d e r s t a n d i n g  t h a t  t h e s e  ( a n n u a l  l e c t u r e s )  a r c  d e d i c a t e d  t o  t h e  m e m o r y  o! 
D r  S u k u m u i  C h a n d r a  S i r k a r ,  w h o  w a s  a  s t u d e n t ,  a  r e s e a r c h  a s s i s t a n t ,  a  l e c t u r e r ,  a  P r o f e s s o r  
a n d  H e a d ,  a n  a c t i n g  D i r e c t o r ,  E m e r i t u s  P r o f e s s o r  a n d  P r e s i d e n t  a t  1 A C S .  H i s  l e a d e r s h i p  
w a s  r e s p o n s i b l e  f o r  t h e  c r e a t i o n  o f  t h r e e  i n d e p e n d e n t  d e p a r t m e n t s  * in  p h y s i c s  ( X - r a y  
a n d  m a g n e t i s m ,  o p t i c s ,  a n d  t h e o r e t i c a l  p h y s i c s  a t  t h i s  I n s t i t u t e  T h e  e l l o r i s  o f  p e o p l e  l ik e  
h i m  a n d  P r o f e s s o r  R a m a n  s h o u l d  h e  a d d i t i o n a l  i n s p i r a t i o n  f o r  t h e  s c i e n t i s t s  i n  I A C S .  
C a l c u t t a .  V e r y  g o o d  w o r k  i s  b e i n g  d o n e  m  s p e c t r o s c o p y  t o d a y  a t  t h i s  I n s t i t u t e  b y  P r o f e s s o r s  
M i h i r  C h o w d h u r y ,  T  N  M i s r a  a n d  o t h e r s  i n  t h e  r e l e v a n t  d e p a r t m e n t s .  A s  o n e  o f  th e  
c o n t e m p o r a r y  w o r k e r s  i n  t h e  f i e l d ,  I  h a v e  t r i e d  t o  m a k e  a  s m a l l  c o n t r i b u t i o n  i n  t h e  I n d i a n  
s c i e n t i f i c  s c e n a r i o  i n  t h e  R a m a n  f i e l d .  I w a s  a b l e  t o  e s t a b l i s h  a  m o d e r n  L a s e r  R a m a n  
L a b o r a t o r y  a n d  g u i d e  a v e r a g e  n u m b e r  o f  P h D ,  M S c  ( T h e s e s )  s t u d e n t s  a t  J I T ,  K a n p u r .  
I h a v e  t o u c h e d  m a n y  a r e a s  o f  m o l e c u l a r  a n d  s o l i d  s t a t e  s p e c t r o s c o p y .  H o w e v e r ,  t h e  m o r e  
l a s t i n g  s u c c e s s f u l  e f f o r t s  1 c o n s i d e r  t h e  o r g a n i z a t i o n  o f  t h r e e  i n t e r n a t i o n a l  ( n a t i o n a l )  
c o n f e r e n c e s  a n d  p u b l i c a t i o n  o f  t h e i r  p r o c e e d i n g s  i n  t h e  f o r m  o f  f o u r  h o o k s .  E v e n  m o r e  
i m p o r t a n t  t h a n  t h i s  h a s  b e e n  b r i n g i n g  o u t  o l  t h e  t w o  h o o k s - i n  t h e  f o r m  o f  s t a t u s  r e p o r t s  
i n  I n d i a  w i t h  a  w o r l d  o v e r v i e w  a n d  u s e f u l  i n f o r m a t i o n  i n  I n d i a n  L a s e r  a n d  c o g n a t e  f i e ld s .  
O u t  o f  t h e  s i x  b o o k s  g i v e n  a t  t h e  e n d  o f  t h i s  l e c t u r e  [ 1 - 6 ] ,  I w o u l d  l i k e  t o  p r e s e n t  m y  
t w o  r e c e n t l y  c o - c d i t e d  a n d  c o - a u t h o r e d  b o o k s  t o  P r o f  D  C h a k r a v o r t y ,  a s  a  m a r k  o l  m v  
c u r r e n t  v i s i t  t o  t h i s  I n s t i t u t e .
T h e s e  S  C  S i r k a r  M e m o r i a l  l e c t u r e s  a r e  a l s o  d e d i c a t e d  t o  t h e  p e r s u i l  o f  s c i e n c e  m 
I n d i a .  I h a v e  c h o s e n  i h c  t o p i c  ' R a m a n  S c a t t e r i n g  ( R S ) ,  P h o t o t u m i n e s c c n c e  ( P L )  a n d  i h c r  
C o r r e l a t i o n  w i t h  M i c r o - ,  N a n o - S t r u c i u r e s '  t o d a y .  T h e  t i t l e  r e f l e c t s  i m m e d i a t e l y ,  h o  
e x p e r i m e n t s  o n  R S  a n d  P L  c a n  b e  c o r r e l a t e d  w i t h  m o d e r n  e x p e r i m e n t a l  r e s u l t s  f r o m  m ic ro -  
n a n o  s t r u c t u r a l  d e t e r m i n a t i o n s .
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2. Characterization o f materials
M o r e  t h a n  f i f t y  t e c h n i q u e s  f o r  p h y s i c o c h e m i c a l  c h a r a c t e r i z a t i o n  a r c  b e i n g  u s e d  t o  p r o b e  
\ a i i o u s  a s p e c t s  o f  m a t e r i a l s  [ 7 ] ,  M e c h a n i c a l  m e t h o d s  a r e  u s e d  t o  d e t e r m i n e  t h e  e l a s t i c  
c o n s t a n t s ,  Y o u n g ' s  m o d u l u s  etc. T h e r m a l  c h a r a c t e r i z a t i o n  m e t h o d s  e x t e n s i v e l y  u s e d  a r e  
t h o s e  b a s e d  o n  m e a s u r e m e n t s  o f  t h e r m a l  e x p a n s i o n ,  s p e c i f i c  h e a t ,  h e a l  c a p a c i t y ,  d i f f e r e n t i a l  
t h e r m a l  a n a l y s i s ,  s c a n n i n g  c a l o r i m e t r y ,  t h e r m o e l e c t r i c  p o w e r  etc. e l e c t r i c a l  p r o p e r t i e s  ( l i k e  
i c s i s t i v i t y ,  H a l l  c o e f f i c i e n t ,  d i e l e c t r i c  c o n s t a n t ,  p e r m i t t i v i t y ) ;  m a g n e t i c - s u s c e p t i b i l i t y ,  
- a n i s o t r o p y  a n d  r e s o n a n c e  ( e l e c t r o n  p a r a m a g n e t i c ,  n u c l e a r  a n d  q u a d r u p o l e  etc] m e t h o d s  
h a v e  b e e n  u s e d  f o r  m a t e r i a l  c h a r a c t e r i z a t i o n ,  f o r  s t r u c t u r a l  d e t e r m i n a t i o n s ,  t h e  t e c h n i q u e s  
o f  X  l a y ,  n e u t r o n - ,  e l e c t r o n - d i f f r a c t i o n ,  s c a n n i n g  e l e c t r o n  m i c r o s c o p y ,  s c a n n i n g  t u n n e l i n g  
m i c r o s c o p y ,  s c a n n i n g  a t o m i c  f o r c e  m i c r o s c o p y  etc h a v e  b e c o m e  v e r y  c o m m o n .
T h e  o p t i c a l  a b s o r p t i o n  a n d  e m i s s i o n  ( i n  u l t r a v i o l e t ,  v i s i b l e  a n d  i n f r a r e d  l e g i o n s ) ,  a n d  
t h e  M a t t e r i n g  ( n e u t r o n  i n e l a s t i c ,  R a m a n  a n d  B r i l l o u i n )  m e t h o d s  h a v e  b e e n  u s e d  e x t e n s i v e l y  
i n  t h a i a c t e i  i / e  t h e  c o m p o s i t i o n ,  a n d  s t r u c t u r e  o f  m a t e r i a l s  [ 7 | .  R a m a n  s p e c t r o s c o p y  h a s  
c \ u l v c d  a s  a  p o w e r f u l ,  n o n - d e s t r u c t i v e ,  n o n - c o n t a c t  a n a l y t i c a l  t o o l  w i t h  w e l l - e s t a b l i s h e d  
u v d e n i i a l s  f o r  m o l e c u l a r  ( a n d  b o n d )  s p e c i f i c i t y .  S i m u l t a n e o u s  d e v e l o p m e n t s  i n  t h e  f i e l d  o f  
h i s c i s  a n d  o t h e r  e s s e n t i a l  t e c h n i q u e s  g a v e  a  t r e m e n d o u s  b o o s t  t o  R a m a n  s p e c t r o s c o p y  I n  
i l i i s  p a p e r  o u r  r e c e n t  m i c r o  R a m a n  a n d  P L  w o r k  o n  t h e  t h i n  f i l m s  o l  G a A s / A ^ G a , ^  A s ,  
a n d  C d T e  a r e  b e i n g  p i c s c n t e d ,  a l o n g  w i t h  a  r e v i e w  o f  R a m a n  e x p e r i m e n t a l  r e q u i r e m e n t s .
3 .  L a s e r s
S i i m e  t h e  f i r s t  d i s c o v e r y  o f  l a s e r  a c t i o n  i n  R u b y  b y  M u i r n a n  i n  I 9 6 0 ,  t h e  w o r l d  h a s  
w i t n e s s e d  a n  i m m e n s e  g r o w t h  o f  a c t i v i t y  m  l a s e r  a r e a ;  b o t h  i n  i t s  f u n d a m e n t a l  a n d  a p p l i e d  
a s p e c t s  A t  p i e s e n t  l a s e r s  a r c  a v a i l a b l e ,  s o m e  w i t h  C o m m e r c i a l  a n d  m a n y  w i t h  i n d i v i d u a l  
s c i e n t i f i c  o r g a n i z a t i o n s ,  s p a n n i n g  t h e  e l e c t r o m a g n e t i c  s p e c t r u m  f r o m  s u b - m i l l i m e t e r  w a v e s  
h i  s o f t  X - r a y s ;  t h e i r  o u t p u t  p o w e r  v a n e s  a n y w h e r e  b e t w e e n  a  f e w  m i c r o  w a t t s  t o  a  m i l l i o n  
b i l l i o n  w a t t s .  L a s e r s  h a v e  b e e n  d e v e l o p e d  w h i c h  c a n  b e  o p e r a t e d  i n  e i t h e r  C W  o r  i n  p u l s e d  
m o d e  w i t h  e x t r e m e l y  s h o r t  d u r a t i o n s  l i k e  a  f e w  f e m t o s e c o n d s .  U l t r a  h i g h  r e s o l u t i o n ,  s i n g l e  
f r e q u e n c y  l a s e r s ,  w i t h  b a n d w i d t h  o f  a  f e w  H z  h a v e  a l s o  b e e n  d e v e l o p e d .  W i d e  u s e  o l  l u s e i s  
|S d u e  t o  t h e  s p e c i f i c  p r o p e r t i e s  o f  l a s e r  r a d i a t i o n .  T h e  l a s e r  i s  a  g e n e r a t o r  o l  c o h e r e n t  l i g h t .  
T h e  t e m p o r a l  c o h e r e n c e  o f  l a s e r s  h a s  r e s u l t e d  i n  p h e n o m e n a l  e n h a n c e m e n t  i n  
m o n o c h r o m a t i c i t y  a n d  s p e c t r a l  e n e r g y  d e n s i t y ;  a n d  t h e  s p a t i a l  c o h e r e n c e  h a s  r e s u l t e d  i n  
e x t r e m e l y  h i g h  d i r e c t i o n a l i t y .  C o n s e q u e n t l y  a  v e r y  h i g h  i n t e n s i t y  p e r  s t e r a d i a n  a n d  
c o r r e s p o n d i n g l y  h i g h  a r e a l  e n e r g y  d e n s i t y  a t  t h e  d i f f r a c t i o n  l i m i t e d  f o c u s s e d  s p o t  ( a s  s m a l l  
‘,s w a v e l e n g t h )  i s  o b t a i n e d .  I n  T a b l e  1 w e  l i s t  s o m e  c a p s u l e d  i n f o r m a t i o n  a b o u t  t h e  d i f f e r e n t  
U n d s  o f  l a s e r s  i n  u s e .  T h e  c o l u m n  o n  t h e  y e a r  o f  c o m m e r c i a l  p r o d u c t i o n  o l  e a c h  l a s e r  i s  o t  
' o m e  i n t e r e s t .  T h e  N d  : Y A G  a n d  H e - N c  l a s e r  c a m e  i n t o  c o m m e r c i a l  p r o d u c t i o n  w i t h i n  o n e  
• m d  t w o  y e a r s ,  r e s p e c t i v e l y  a f t e r  t h e y  w e r e  d i s c o v e r e d .  A  l a s e r  l i k e  t h e  c o p p e r  v a p o r  l a s e r  
h a d  t o  a w a i t  1 5  y e a r s  f o r  i t s  c o m m e r c i a l  p r o d u c t i o n .  I o d i n e  p h o t o - d i s s o c i a t i o n  l a s e r s  
c o m m e r c i a l i z e d ,  1 9  y e a r s  a f t e r  t h e i r  d i s c o v e r y .  T a b l e  1 a l s o  g i v e s  a n  i n d i c a t i o n  o l  t h e  m a j o r  
a,L' a s  ° t  t h e  a p p l i c a t i o n s  o f  t h e  d i f f e r e n t  l a s e r s .  L a s e r  d e v e l o p m e n t  i n  t h e  f u t u r e  w i l l  h e
R a m a n  s c a t t e r i n g ,  p h o to - lu m in e s c e n c e  a n d  t h e i r  c o r r e l a t i o n  e tc  p 3
P 4 HDBist
along one or more of the following lines : (i) New wavelengths : towards higher energy 
side (vacuum UV, soft X-ray) and very low energy (far infrared) side, (ii) Shorter p u l s e s  
pico, femto, sub-femto seconds, (iii) High powers : CW; pulse peak, high efficiency.
Table 1. Capsuled information about the history of different lasers and their areas of 
applications. The superscript 1,2, 3 in the table show :
1 ' the year of discovery of laser, while its year of commercialisation is given in parentheses
2 : CW = continuous wave output, HC = high coherence, figure within parentheses gives output 
power, HEP = high energy pulse, HPP = high power pulse, QSC = Q switching capability 10- 
20% efficiency 3 : A = alignment, measurement and control, BP = basic processes, study of. 
C = communications, CRP = chemical reaction processing, D = display and entertainment. 
DLP = dye laser, F = lightsource of facsimile, GA = graphic arts, H = holography. HSH - high 
speed holography, IP = information processing, IR = infrared region, L = lithography. Lit = lasci 
radar, MD = medical diagnosis, MP = material processing, MR = materials research, MT - 
medical treatment, NF = nuclear fusion, PG = plasma generation, RS = remote sensing! RSS - 
Raman scattering source, S = spectroscopy, SI = simulation (military), VD = video disk, WD = 
weapons development
Lasers Prominent 
wavelength (pm)
Year* Special features2 Applications1
Gas Lasers
C02 10.6 1964 IR, rj = 10-20%, CW BP, C, MP, MT
(1966) (1 W-lkW), HEP NF, PC., RS, S, WD
Chemical. HF, DF 2.6 4^ 1967 BP, S. WD
(1977) #
Excimer
ArF, KrCI 193, 0.222. 1975 BP, CRP, B, Ml*
KrF, XeBr 0.248,0.282 (1976) MT, S, WD, RSS
XeCI, XeF 0 308,0.351
1 jser pumped 20-1000 1963 BP, S
Direct discharge (1969)
He-Ne 0.633 1960 CW (0.1-50 mW) A, C, D, F, GA
J962) HC IP, S, VD. RSS
l2 Photo­ 1.315 1964 BP, MP, S
dissociation
Ion lasers
Ar+ 0.488, 0.5145 1964 CW (1-10 W), HC A, BP, D, GA, H, IP
(1966) MD, MP, MT. RSS
Kr+ 0.647, 0.530
Metal vapour
Cu vapour 0.510, 0.578 1966 BP, MP. S
(1981)
He-Cd 0.442, 0.325 1968 UV (CW) A, GA. H. IP, MD
(1970) (1-50 mW) MR, RS. S
An Vapour 0.628 1978 MT
(1982)
n2 0.337 1966 BP, S
Raman scattering, photo-luminescence and their correlation etc P5
Table 1. {corn'd.).
U s e r s
Prominent 
wavelength ( J i m )
Year1 Special features2 Applications3
L i q u i d  Dye Lasers
f W  d y e
0 400-1.0 1970
(1971)
BP. MT, S
p u l s e d  d y e 0 320-0.970 1966
(1969)
BP. MT, S
S o l i d  ( i n s u l a t o r )
N d  G l a s s 1 06 1961
(1968)
HEP (1000 J) 
HPP (TW)
BP.MP. WD.PG
N d  Y A G 1.06 1964
(1965)
HEP, CW (1 W- 
1 kW). HPP, SHG 
100 kW (5 kHz)
BP, D, DLP, GA 
MP, MT. AS. RSS 
S, DLP. LR
R u b y 0 694 I960 HEP (0 1 to 100 J) A. HSH. MP
(1963) HPPO mW to 
10 GW) QSC
RRF.S
C o l o r  c e n t r e 1 5 - 3  3 1965
(1977)
BP, S
A l e x a n d r i t e
S o l i d  ( s e m i c o n d u c t o r )  
S in g l e  f r e q u e n c y  d i o d e
TjuAs
G a A l A s
I n t u i A s P
0 700-0 815
0 904 
0 8-0.9 
1.3-1.6
1977
(1981)
1962
(1965)
MP
A.F.GA, IF, SI, VD 
A, C, GA, IF 
C
T u n a b l e  d i o d e  
( l e a d  s a l t )
2-30 1964
(1975)
A. S
( i v )  Compactness, small dimensions; light weight; lower cost; higher life; ruggedness may 
make semiconductor lasers as the first choices for the 21st century devices. Ho 
simultaneous work will be needed in high-speed electronics, precision optical hardwa
associated devices.
.< I. I m en  in Raman, stimulated-Raman, nonlinear optics and spectroscopy:
The development and production of lasers of a vast variety have created a tre •"
impact in the field of Raman Spectroscopy. In fact, the difficult period of the Raman le 
ended around 1964; and a renaissance started with the application of reliabe aser. 
excitation sources. Typical characterisation of At*, Kr* and He-Ne laser lines are 
Tabic 2 In several areas there has been a major change in the data acquisition capa 1 1 ies 
on account of the larger flux densities available from lasers. In other areas t e >8 
monochromaticity of lasers has advanced precision. Likewise, tunability has a
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depth and convenience of study of the energy levels. Deeply coloured or even black or 
highly fluorescent materials, high temperature gases flames could be handled for Raman
work.
Tabic 2. Lasing lines of most frequent Ar and Kr ion lasers
Air-wavelength
(mn)
Air wavenumber Power
(mW)
A r '7 457 9 (violet) 21838.8 300
465 8 21468 4 130
472 7 21155 1 250
476 5 (blue) 20986.4 600
488.0 (blue) 20491 8 noo
4% 5 20141.0 6 X^)
501 7 (green) 19932 2 300
514 5 (green) 19436 3 1700
528.7 (yellow-green) 18914 3 300
Kr h 476 2 20999 6 60
482,5 20725 4 45
520 8 19201 2 90
530 9 18835 9 200
568 2 17599.4 200
647 1 (red) 15453 6 500
676 4 14784 2 120
752 5 13289 0 100
799 3 12510 9 M)
Nc‘ 632 8 (red) 15802.8 50
Spectra- Physics Models 71 164-08. h 164 01 and( 125 A.
With the advent of lasers new areas of research, hitherto inconceivable, h a v e  
emerged both in fundamental and applied sciences. High resolution and n o n - l i n e a r  
spectroscopy; time and frequency domain spectroscopy of atoms and molecules; n o n - l i n c a i  
optics with solids and liquids, and applications in varied fields from all types of structural 
applications and finger print type identification for materials from deep under the earth a n d  
oceans, in fire and flames, in the sky upto astronomical distances and in air have become 
possible.
The field of non-linear optics and spectroscopy is now J5 years old, if one associates 
its birth with the observation of second harmonic generation by Franken et ai in l%l ln 
any non-linear process conservation of momentum and energy has to be satisfied and the 
resultant wave is determined by the special features of both the combining waves and the 
medium. The Raman related stimulated (coherent) processes that could be studied 
theoretically and observed experimentally are those of (i) stimulated Brillouin-, stimulated 
Rayleigh- and Rayleigh-wing-, and stimulated Raman scattering. Hyper-Rayleigh and hypcr
R a m a n  s c a t te r in g , p h o to -lu m in e s c e n c e  a n d  th e ir  c o rre la tio n  etc P7
Raman scattering, coherent-anti-Stokes Raman scattering (CARS), continuous resonance 
CARS, Coherent Stokes Raman Scattering (CSRS), Inverse Raman Scattering (IRS), 
Stimulated Raman gain spectroscopy (SRGS), photoacoustic Raman spectroscopy (PARS), 
Raman induced Kerr-effect spectroscopy (RIKES), asterisk spectroscopy and higher order 
Raman excitation studies (HORSES), all fall under stimulated coherent processes. The new 
lasers at desired wavelengths have been realized at several laboratories practically. 
Photoluminesccnce (PL) is an old phenomena of emission by one photon process and could 
be studied easily by a Raman set up as the quantum efficiency of PL could be upto unity 
while that of rudimentary Raman scattering is of the order of IQ-6 to 10-8. The other new 
area has its origin in the production of laser pulses of extremely short duration. Its 
consequence is lime-resolved Raman spectroscopy, which has opened up a vast scope for 
ihe study of fast transient phenomena; relaxation processes, short-lived species, and so on 
and so forth
4. Sample handling  and illum ina tion
li is worth mentioning that sample handling techniques vary with the nature and type ol the 
materials to be investigated. The hygroscopic, dehydrating or air-sensitive (especially to 
oxygen or water in air) or corrosive (toxic) materials can be studied by sealing them under 
piopei environmental conditions in a pyrex (non-fluorescenl) glass or quartz container. Low 
pressuie gases need to be sealed (epoxied by non-fluorescenl cement) inside cells with 
llrewster angle quartz windows (for use of multiple reflection technique) and also need high 
power lasers for excitation.
Microcrystalline or powder materials could be enclosed in capillary tubes or any 
other suitably shaped vessels. Pellet techniques are used for small amounts (50 mg) of 
sample to press after sprinkling it on the KBr pellet while still on a die. Local heating of 
sample could be reduced by diluting the (absorbing) materials in a matrix.
Rotating techniques for liquid and solid samples are available commercially to avoid 
healing (and hence decomposition, phase change etc of the samples, especially it they have 
absorption at the excitation wavelength. Defocussing the laser beam or using a cylindrical 
lens tor focussing the laser beam to give image of 10 to 25 mm length instead of few 
microns on to the sample also reduces this problem by reducing the power density per unit 
area by a factor of about 103.
 ^ l- Common excitation-collection geometries :
The common excitation collection geometries use a 90° collection of scattered radiation for 
Raman and photoluminescence studies, as the strong Rayleigh line and Rayleigh wing 
scattering will interfere strongly in other geometries with the feeble rudimentary Raman 
seatiering. The variations of 90° geometries using a simple lens, an achromatic combination 
°f lenses, and an elliptical mirror-plane mirror combination in which the samples and the 
entrance slit of the spectrometer are located on two focii of the ellipse are shown in
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Figure 1(a), (b) and (c), in that order. Figure 1(d) shows a back-scattering, 180° collection, 
geometry used under specific experimental conditions; e.g. for highly absorbing materials
Figure 1. The common Raman (and PL) exciiaiion-collection geometries . (a), (b). (c) arc variation in 
00° collection and (d) represents 180° collection geometry // = incident laser beam, 7.] focussing lcn\ S' 
= sample, L j  = collecting lens (or achromatic lens combination, M\ = elliptical and plane mirror, 
P = prism and t A = entrance slit of the spectrophotometer
o r  w h e r e  e q u i p m e n t  n e e d s  i t  e.g. w i t h  m i c r o s c o p e  ( M i c r o - R a m a n )  i n s t r u m e n t s ,  a n d  o t h c i  
s p e c i a l  t e c h n i q u e s  ( l o w ,  t e m p e r a t u r e  s t u d i e s )  s i n g l e  c r y s t a l s  w i t h  o n e  f a c e  p o l i s h e d  
s i t u a t i o n s  etc. •
4.2. Gases :
T h e  d e v e l o p m e n t s  t h a t  h a v e  t a k e n  p l a c e  i n  t h e  f i e l d  o f  R a m a n  s p e c t r o s c o p y  d u r i n g  a l m o s t  
s e v e n  d e c a d e s  c o u l d  b e  d i v i d e d  i n t o  t h r e e  d i s t i n c t  p h a s e s .  D u r i n g  t h e  f i r s t  t w o  d e c a d e s
Multiple Reflection Mirror
Figure 2. Raman (and PL) studies with gases using ■ (a) ordinary cylindrical cell (variation of it with 
I cm diameter, *6  cm length fitted with quartz windows at fixed Brewster angle is commercially 
available) (b) I x I x 3 5 cm cell with quartz-glass graded seal and teflon stopcock with viton rings
primarily the liquids and solids were studied with few exception; e.g. few gases using 
Rasctti technique [8J. Around 1947, the water cooled low pressure mercury arc lamps with
high currents (Toronto arc) were developed [9,10]. Using the multiple reflection mirror 
system and good Raman spectrophotometers, Raman study of gases also became possible. 
With the invention of lasers after 1960 tremendous revival of interest in the overall field of 
Raman spectroscopy occurred as has already been mentioned. For gaseous systems use of 
multiple reflection cell, especially at low pressures, is essential. Two of the common 
geometries, using a capillary and a l cm quartz cell, an order of magnitude change in 
Raman intensity by using multiple reflection, and almost doubling the collected scattered 
intensity by use of back-reflecting mirror of proper focal length, are given in Figure 2(a) 
and 2(b), the latter being envisaged by the author where the tilt of the cell could be adjusted
E,
R a m a n  s c a tte r in g , p h o to -lu m in e s c e n c e  a n d  th e ir  c o rre la tio n  e tc  p 9
(a)
Figure 3. Roman (and PL) study in condensed 
phase . (a) transparent suinples using a capillary 
tube of quartz and absorbing samples using n 
rotating cell, (b) liquids, (c) solids
with variations of, even the refractive index of the cell material (quartz, glass) or gases 
inside it to get maximum intensity [11]. The use of teflon stopcock eliminates sample 
amtumination with interaction of corrosive gases with the grease of normal stopcocks. The 
multiple reflection arrangement, allows to use lower pressure and avoid complications due 
to icabsorption by the sample, the thermal lens effect and thermal/photo-decomposition of 
die sample due to excessive heat.
The cell has also been used for the study of ordinary Raman effect, resonant Raman 
tattering and resonance fluorescence studies from gases, solutions and neat liquids under 
abnormal conditions [11]. While working with gases, the possibility of sudden explosion 
due to higher pressure (due to reaction, decomposition etc) should be avoided by using 
ahoul 2 to.3 mm thick, 15 mm outer diameter quartz tube [121.
H D Bis!
4.3. Condensed phase :
T h e  t h r e e  c o m m o n  c e l l s  u s e d  l o r  R a m a n  a n d  p h o t o l u i n i n e s c e n c e  s t u d i e s  o f  ( a )  i r a n s p a i e m  
( b )  a b s o r b i n g  l i q u i d  a n d  ( c )  s o l i d s  a r c  r c p i e s c n t e d  i n  F i g u r e  3 .  T h e  c a p i l l a r y  i c c h n i i m e  
c o u l d  b e  u s e d  f o r  a n y  l i q u i d  o r  s o l i d .  T h e  r o t a t i n g  c e l l  ( o r  l a s e r  b e a m )  g i v e s  a  r e l a t i u *  
m o t i o n  b e t w e e n  t h e  e x p o s e d  p o r t i o n  o f  l i q u i d  o r  s o l i d  a n d  t h e  i n c i d e n t  l a s e r  r a d i a t i o n  T h i s  
t e c h n i q u e  a v o i d s  e x c e s s i v e  h e a t i n g  a n d  c o n s e q u e n t  t h e r m a l  e f f e c t s .  T h e  p r i n c i p l e  o l  
r o t a t i n g  c e l l  w a s  p a t e n t e d  b y  K i e f e r  a n d  B e r n s t e i n  f 1 3 ] .
4.4. Specialized techniques .
W i t h  t h e  a p p l i c a t i o n  o l  f i b e r  o p t i c s  i n  t h e  R a m a n  f i e l d ,  t h e  c o n d i t i o n s  u n d e r  w h i c h  R a m a n  
s p e c t r a  c o u l d  b e  o b t a i n e d  a r e  l i m i t e d  o n l y  b y  t h e  i n g e n u i t y  o f  t h e  s c i e n t i s t  f o r  t h e  p a r t i c u l a i  
p r o b l e m  A  f e w  o f  t h e  t e c h n i q u e s  c o u l d  b e  m e n t i o n e d  b e l o w  :
(i) Micro (nano) sized samples
U s i n g  m i c r o s c o p e  o b j e c t i v e s  f o r  i l l u m i n a t i o n  ( a n d  c o l l e c t i o n )  o f  d i l f r a c l m n  l i m i t e d  
s p o t s ,  c o m m e r c i a l  m i c r o m a t e  ( S p e x - I n d u s t r i c s )  a n d  M O L F ,  ( J o b m  Y v o n )  eU c o n k )  
d i s t i n g u i s h  s p e c t r a  s p a t i a l l y  u p t o  a b o u t  o n e  m i c r o n  o n  t h e  s a m p l e .  T h e  p r i m a r y  p i o h l e m  
w i t h  m i c r o - R a m a n  t e c h n i q u e  i s  l o c a l  h e a l i n g  d u e  t o  e x t r e m e l y  h i g h  p o w e r  d e n s i t y  a t  th e  
f o c u s s e d  s p o t .  U s i n g  s p e c i a l i z e d  s u b t r a c t i o n  t e c h n i q u e s  b y  m a n i p u l a t i n g  t h e  i r r a d i a t i o n  
s p o t ,  o n e  c o u l d  g e t  i n f o r m a t i o n  u p t o  n a n o  ( p i c o - )  s i z e d  r e g i o n s ,  e s p e c i a l l y  u s i n g  c v h i u l i i L . i l  
f o c u s s i n g  [ 1 41-  „
4.5. Low and high temperature studies:
V a r i o u s  t y p e s  o f  s p e c i a l  d e v i c e s  a r e  m a d e  t o  k e e p  t h e  s a m p l e s  a t  s p e e d i e d  c o n t i o i l e d  
t e m p e r a t u r e s .  T h e  l o w  t e m p e r a t u r e  c e l l ,  l u b r i c a t e d  a n d  u s e d  i n  o u r  l a b o r a t o r y  i s  s h o w n  m 
F i g u r e  4 ( a ) .  A  d o u b l e  w a l l e d  p y r e x  g l a s s  s t r u c t u r e  h a s  a n  i n n e r  j a c k e t  a t  t h e  b o t t o m  ot 
w h i c h  i s  a t t a c h e d  t h r o u g h  a  k o v a r  s e a l  a  r e c t a n g u l a r  c o p p e r  a t t a c h m e n t  ( c o l d  l i n g e r )  loi 
h o l d i n g  t h e  s a m p l e .  T h e  o u t e r  j a c k e t  h a s  t w o  q u a r t /  w i n d o w s ,  o n e  e a c h  l o r  t h e  i n c i d e n t  
l a s e r  b e a m  a n d  f o r  c o l l e c t i o n  o f  t h e  s c a t t e r e d  r a d i a t i o n ,  r e s p e c t i v e l y .  L i q u i d  n i t r o g e n  is  u s e d  
a s  t h e  c o o l a n t  t o r  t h e  c o p p e r  b l o c k  ( a n d  t h e  s a m p l e  i n  i t ) .  T o  o b t a i n  t e m p e r a t u r e  u p t o  h a  K 
a n  a r r a n g e m e n t  w a s  m a d e  t o  e v a p o r a t e  t h e  l i q u i d  n i t r o g e n  u n d e r  r e d u c e d  p r e s s u r e  u s i n g  
h i g h  c a p a c i t y  r o t a r y  p u m p s .  A  2 5 - w a l t  h e a t e r  a t t a c h e d  t o  t h e  s a m p l e  h o l d e r  w a s  u s e d  to  
c o n t r o l  t h e  t e m p e r a t u r e  ( w i t h i n  ±  2  K ;  a n d  a  C u - C o  t h e r m o c o u p l e  t o  m e a s u r e  t h e  sample 
t e m p e r a t u r e  w i t h i n  ±  1 K .  S p e c i a l  s c a l i n g  m a t e r i a l ,  r e s i s t a n t  t o  l o w  t e m p e r a t u r e s ,  i s  t o  be  
u s e d  f o r  w o r k  b e l o w  l i q u i d  n i t r o g e n  t e m p e r a t u r e .
A  v a r i a b l e  t e m p e r a t u r e  c e l l  t o  o b t a i n  s p e c t r a  u p t o  l i q u i d  n i t r o g e n  t e m p e r a t u r e  is  that  
d e s i g n e d  b y  M i l l e r  a n d  H a r n e y  1 1 5 ]  a n d  s h o w n  i n  F i g u r e  4 ( b ) .  T h e  s a m p l e  i s  k e p t  i n s i d e  .i 
t h i n  w a l l e d  m e l t i n g  p o i n t  l u b e ,  w h i c h  i s  p l a c e d  a t  t h e  c e n t e r  o f  a n  e v a c u a t e d  annular j a c k e t ,  
a n d  c o l d  n i t r o g e n  g a s  i s  p a s s e d  t h r o u g h  t h e  c e n t e r  o f  t h e  j a c k e t .  A n y  t e m p e r a t u r e  d o w n  to 
- 1 5 0 ° C  c a n  b e  a c h i e v e d  e a s i l y  [ 1 6 ] .  T h e  t e m p e r a t u r e  i s  m e a s u r e d  w i t h  a  t h e r m o c o u p l e -  
p l a c e d  n e a r  t h e  s a m p l e .  T h i s  d e v i c e  i s  a l s o  u s e d  f o r  o b t a i n i n g  R a m a n  s p e c t r a  a t  h i g h  
t e m p e r a t u r e s  b y  u s i n g  h o t  a i r  i n s t e a d  o f  c o l d  n i t r o g e n .
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R in n a n  s c a t t e r i n g ,  p l w t o - h u n i n e s n
e n c e  a n d  t h e i r  c o r r e l a t i o n  e tc p II
T h e  s p e a r ,  a b o v e  3 0 0  K  u p . o  ( =  6 0 0  K )  w e r e  r e c o r d e d  w „ h  a  l o c a l l y  f a b r i c a t e d  c e l l  
h i . u r e  5 a )  I .  c o n s . s t s  o l  . h r e e  p a r t s  : ( i )  t h e  s a m p l e  h o l d c r ( s ) ,  ( „ )  , h e  h e a l i n g  b l o c k ,  a n d  
i n )  i h e  t e m p e r a t u r e  c o n t r o l l e r .
( a )  c o m p o n e n t s  a s  m a i k c t l ,  ( b )  H u m c y - M i l l c r  t y p e  A  s a m p l e  l u b e ,  H .  e v a c u a t e d  a n n u l u i  | a ck v . t  
l o i  i n s u l a t i o n .  C  m e t a l  s u p p o r t
T h e  b r a s s  h e a l i n g  b l o c k  IX  x  1 8  x  3 8  m m '  h a s  a n  8  m m  d i a m e t e r  h o l e  d r i l l e d  l o  a 
d e p r h  o l  2 8  r n m  t o  i n s e r t  t h e  s a m p l e  h o l d e r .  T h e  b l o c k  i s  h e a t e d  t r o m  t h r e e  s i d e s  b y  
>  w a i t  h e a t e r s  l u t e d  i n t o  g r o o v e s .  O n  t h e  b o t t o m  a n d  o n  t h e  l o u r t h  s i d e  t w o  c o n i c a l  
h o l e s  a r e  d u l l e d  l o r  t h e  i n c i d e n t  l a s e r  b e a m  a n d  l o r  t h e  c o l l e c t i o n  o l  s c a t t e r e d  
M i l i a l i o n s .  i c s p e c i i v c l y .  T h e  s y s t e m  i s  m o u n t e d  o n  a  S p e x  t h r e e - w a y  m o t i o n  p l u l l o r m  l o r  
a l i g n m e n t  o l  t h e  s a m p l e .  S a m p l e  h o l d e r s  l o  s t u d y  t e m p e r a t u r e  d e p e n d e n c e  o f  l i q u i d s ,  
p o l y u y s t a l l m e  a n d  s i n g l e  c i y s i a l  s a m p l e s  h a v e  b e e n  i m p r o v i s e d  m  t h e  l a b  ( F i g u r e  5 )  
O n e  C u - C o  t h e r m o c o u p l e  i s  u s e d  l o  m e a s u r e  t h e  t e m p e r a t u r e  a n d  a n o t h e r  t h e r m o c o u p l e  
,() |  i t s  c o n t r o l  t h r o u g h  a  r e l a y  u p t o  6 0 0  ±  1 K .  F i g u r e  5 ( b )  g i v e s  t h e  d e t a i l s  o l  a n o t h e r  
h i g h  l e m p c i a t u r e  w i n d o w l c s s  P i  1 0 %  R h  w i r e  w o u n d  l o r  h e a l i n g  t h e  s a m p l e  u p t o  1 4 0 0  K  
at ‘i m b i e n t  p i e s s u r e s  [ 17 1
^  f) Mfih pres sure spectroscopy :
H i g h  p r e s s u r e  R a m a n  s p e c t r a  o f t e n  p r o v i d e  v a l u a b l e  i n f o r m a t i o n  a b o u t  l n i c r m o l e c u l a i  
i n t e r a c t i o n s ;  v i b r a t i o n a l  a s s i g n m e n t s  a n d  t h e r m o d y n a m i c  p r o p e r t i e s  a t  h i g h  p r e s s u r e .  
s * i u c t u r a l  a n d  b o n d i n g  c h a n g e s ;  p h a s e  t r a n s i t i o n s  d r i v e n  b y  s o i l  m o d e s ;  etc. R a m a n  
m e a s u r e m e n t s  c a n  b e  u s e d  t o  c o m p l e m e n t  d i r e c t  s t r u c t u r a l  d e t e r m i n a t i o n  I r o m  X - r a y ,  
n a t i o n  d i f l r a c t i o n  e x p e r i m e n t s ,  s c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( S E M ) .  t r a n s m i s s i o n  
l<^ c t ion  m i c r o s c o p y  ( T E M )  etc. P h e n o m e n a l  p r o g r e s s  i n  t h e  F i e l d  o f  u l t r a  h i g h  p i e s s u r e s
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h a s  b e e n  m a d e  d u r i n g  r e c e n i  y e a r s  d u e  t o  t h e  d e v e l o p m e n t  o f  t h e  d i a m o n d  a n v i l  c e l l  ( D A C )  
a n d  R a m a n  s t u d i e s  u p t o  4 0  G P a  a r e  r o u t i n e l y  p o s s i b l e  i n  s a m p l e s  o f  i n t e r e s t  t o  p h y s i c i s t
•■ (Aim* n o c i
-------^-------
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For H y g r o s c o p i c  S a m p l n
h) Wl^ nnun. MIKK'J*  ^ IJ 3 J /F ijju rc  5. D e s i g n  o l  h i>i l i  l e m p e u n n e  c e l l s  Irn R udm ii ( a n d  PL) s t u d i e s  u i )  d i f f e u n i  lypi1' "I 
s a m p l e  h o l d e r s  l o r  u p i o  000° K, (h) a  w i n d o w l e s s  P i  10</> R h  w i r e  wound l u i n a c e  u p i o  1401'  ^
( a l t e r  S h a r m a  [ 17 1)
( l a t t i c e  d y n a m i c s  etc), c h e m i s t s  ( m a t e r i a l s ) ,  g c o p h y c i s t s  ( m i n e r a l s )  a n d  o t h e r s .  A  few  
s y s t e m s  ( s o l i d  H i  a n d  N i )  h a v e  b e e n  t a k e n  t o  m e g a b a r  p r e s s u r e s  1 1 8 J ^ |  T h e  d i a m o n d
t y p i c a l l y  o f  3 0 0  m i c r o n s  d i a m e t e r ,  w i t h  l o w  p h o t o - l u m i n c s c e n c c  i s  e s s e n t i a l  f o r  t h e  D A C  
d e v i c e  a l o n g  w i t h  f i n e  f o c u s s i n g  o p t i c s .  A s  t h e  s a m p l e  c o u l d  b e  l e s s  t h a n  3 0  m i c r o n s  m  t h e  
300  m i c r o n  f l a t ;  a n d ,  b e c a u s e  o f  p r e s s u r e  g r a d i e n t s ,  t h e  p r o b i n g  a r e a  i s  r e s t r i c t e d  t o  l e s s  
[ h a i l  5 m i c r o n  d i a m e t e r .  A r  a n d  X e  g a s e s  a r e  u s e d  a s  p r e s s u r e  m e d i a  f o r  t h e  s a m p l e s .  T h e  
small s i g n a l s  e s p e c i a l l y  a t  h i g h  p r e s s u r e s  n e e d  h i g h  s e n s i t i v i t y  p h o t o n  d e t e c t o r s .  M o s »  o f  
d i e  e q u i p m e n t s  a r e  b u i l t  a r o u n d  a n  o p t i c a l  m i c r o s c o p e  a d o p t e d  t o  b o t h  f o r  1 8 0 °  a n d  1 4 5 °  
s c a t t e r i n g  g e o m e t r i e s  w i t h  C C D  o r  O M A  d e t e c t o r s  f 1 7 —2 11 .
O r g a n i c  m o l e c u l a r  c r y s t a l s  u n d e r g o  a  l a r g e  c o m p r e s s i o n  e v e n  a t  m o d e r a t e  p r e s s u r e s  
a n d  e x h i b i t  l a r g e  p r e s s u r e  s h i f t s  b o t h  i n  e l e c t r o n i c  a n d  v i b r a t i o n a l  d a t a  f 18 ] .  I n t e r e s t i n g  
s t u d i e s  o n  H 2 . D 2 ( u p i o  5  m e g a h a r s ) ,  N 2 u p t o  1 . 6  M  b a r ,  d i a m o n d  a n d  z i n c - b l e n d e  
m a t e r i a l s ,  S i C L - p o l y m o r p h o u s  a n d  g l a s s e s  h a s  b e e n  p u b l i s h e d ,  r e c e n t l y  [ 1 8 , 1 9 ] .
4 7  Matrix isolation spectroscopy .
T o  o b t a i n  s p e c t r a  o f  i s o l a t e d  o r  u n s t a b l e  ( m e t a s t a b l c )  m o l e c u l e s ,  t h e  t e c h n i q u e  o f  f r e e z i n g  
t h e m  i n  i n e r t  g a s / l i q u i d  m a t r i c e s  i s  u s e d .  T h e  R a m a n  s p e c t r a  c o u l d  b e  o b t a i n e d  b y  c a r e f u l l y  
p r e p a r i n g  t h e  m a t r i x  a n d  a v o i d i n g  f l u o r e s c e n c e  ( d u e  t o  d i f f u s i o n  p u m p  o i l  o r  o t h e r  
i m p u r i t i e s )  1 2 2 ]
4 fS‘. Quenching and minimiration of fluorescence background:
S i n c e  Lh e  q u a n t u m  e f f i c i e n c y  o f  P L  i s  h i g h  a s  c o m p a r e d  t o  R S ,  it i s  e s s e n t i a l  t o  m i n i m i z e  
t h e  f l u o r e s c e n c e  f r o m  t h e  s c a t t e r i n g  v o l u m e .  I n  m a n y  c a s e s ,  w h e r e  t h e  f l u o r e s c e n c e  i s  d u e  
to  i m p u r i t i e s ,  p u r i f i c a t i o n  o f  t h e  s a m p l e  i s  u s u a l l y  t h e  m o s t  s a t i s f a c t o r y  m e t h o d  f o r  r e d u c i n g  
 ^ f l u o r e s c e n c e  b a c k g r o u n d .  S e c o n d l y ,  t h e  s a m p l e  c a n  b e  p o s i t i o n e d  i n  f r o n t  o f  t h e  c o l l e c t i o n  
o p t i c s  a n d  i r r a d i a t e d  ( w i t h  t h e  s l i t s  c l o s e d )  w i t h  h i g h  i n c i d e n t  l a s e r  p o w e r  l o r  a  p r o l o n g e d  
t i m e  T h i s  b l e a c h i n g  o f  t h e  i m p u r i t i e s  f o r  c o l o u r l e s s  s a m p l e s  i s  m o s t  e f f e c t i v e  w h e n  t h e  
s a m p l e  i s  s t a t i o n a r y .  Q u e n c h i n g  a g e n t s  s u c h  a s  p o t a s s i u m  i o d i d e  ( i n  s o l u t i o n s )  [ 2 3 1 o r  
m e i c u r y  h a l i d e s  ( v a p o r  p h a s e )  m a y  b e  a d d e d  [ 2 4 ] ,  A  m o d e - l o c k  l a s e r  m a y  b e  e m p l o y e d ,  
a n d  s i n g l e  p h o t o n - c o u n t i n g  t e c h n i q u e s  m a y  b e  u s e d  t o  a c h i e v e  t i m e  d i s c r i m i n a t i o n  i n  t h e  
p i c o s e c o n d  r a n g e .  R e p e t i t i v e  s c a n n i n g  a n d  b a c k g r o u n d  s u b t r a c t i o n  m a y  b e  e m p l o y e d .  T h e  
i n i t i a l  t w o  s u g g e s t i o n s  a r e  n o t  a p p l i c a b l e  i f  t h e  s a m p l e  i t s e l f  i s  f l u o r e s c e n t .  I n  t h a t  e v e n t  
s w i t c h i n g  t o  l o n g e r  e x c i t i n g  w a v e l e n g t h  s h o u l d  b e  t r i e d  b e f o r e  u s i n g  e x t e r n a l  i m p u r i t i e s  
l i k e  a l k a l i  o r  a l k a l i n e  h a l i d e  v a p o u r s .  T h e  F o u r i e r  t r a n s f o r m  ( l o n g  w a v e l e n g t h  e x c i t a t i o n )  
R a m a n  s p e c t r o s c o p y  c o u l d  b e  u s e d .  A l t e r n a t i v e l y ,  t h e  s a m p l e  m a y  b e  c o o l e d ,  t o  s h a r p e n  t h e  
e n e r g y  l e v e l s  a n d  a v o i d  a b s o r p t i o n .
5- Raman instruments
W e  d e v e l o p e d  t w o  m o d e r n  s t a t e - o f - t h e - a r t  ( a t  t h e  l i m e  o f  i n s t a l l a t i o n  = 1 9 8 0  a n d  = 1 9 9 0  
o n w a r d s )  f a c i l i t i e s  f o r  R a m a n  s t u d i e s  a t  I I T ,  K a n p u r .
^  The 1403 Ramalog system :
A  b l o c k  d i a g r a m  f o r  l a s e r  R a m a n  w o r k ,  u s i n g  S p c x  1 4 0 3  R a m a l o g  m a c h i n e  u n d e r  I n d i a n  
^ p e r i m e n L a l  c o n d i t i o n s  ( w h i c h  s h o u l d  b e  a p p l i c a b l e  t o  m o s t  s o u t h e r n  t r o p i c a l  d e v e l o p i n g
R a m a n  s c a tte rin g , p h o to -lu m in e s c e n c e  a n d  th e ir  c o r re la tio n  e tc  p 13
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countries) is given m Figure 6. The voltage stabilizer is essential to eliminate the voltage 
fluctuations if the input voltage varies within 150-250 V. The three phase stabilizers give
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UNSTABillZED STABILIZED
3 PHASE SUPPLY 1 PHASE StBPlY
I_______________________________________________________ I
Figure 6. Block diagram foi noimul lasci Raman (Ramalog) set-up at the Indian Institute <>l 
Technology (I I T ). Kanpur
phase to phase constant voltage of 400 ± 5 V for 5 Watt Spectra Physics Ar+ laser. The 
water cooled Neslah HX-500 recirculating heat exchanger (chiller plant), run on 
translornied 3 phase, 1 15 volts is used to cool the 5W laser head and Spectra Physics 265 
exciter. The chiller is essential as the lap water, which is pumped directly from underground 
wells at the Indian Institute of Technology (IIT), Kanpur, maintains a temperature of almost 
3I°C throughout the year.
5.2. The optical system for Ramalog machine :
An optical line diagram is shown in Figure 7 for the Ramalog machine. The output beam 
from the laser is directed through a beam deflector M to the 'laser-mate', (a small grating 
spectrometer, used to get rid of the background plasma lines from the laser). The 'UVJSIR 
illuminator' is the sample compartment. The laser line, free from plasma background, falls 
on the sample. The scattered light from the sample is collected through a combination of an 
elliptical mirror and plane mirror onto the first entrance slit S\ of a double monochromator 
The scattered radiations are seen at 90° geometry after dispersion through the 1403 
Ramalog machine by a C-31034/76 Ga-As photomultiplier (PMT) housed in a chamber 
therinoelcctrically chilled to -30°C through Peltier cooling to reduce the dark counts (~ 30 
per second).
5.3. The Spex- I877D triplemate:
For micro Raman set up using Spcx-1877D Triplemate under Indian experimental 
conditions (which should be applicable to most of the tropical developing countries),a block
sw
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R a m a n  s c a t t e r i n g ,  p h o to - lu m in e s c e n c e  a n d  t h e i r  c o r r e l a t i o n  e tc p 15
Figure 7. Ray-diagram of Spectra Physics Lasei and Kamalog 1405 spectrometer at I I I .
K a n p u r
Juigram is given in Figure 8. A saturated core automatic servo upconvertor and 
stabilizer gives a constant voltage output of 280 V ± 3 V per phase, even when any of Us 
input phases varies between 150 to 250 V. The phase-lo-phase voltage is stabilized at 
480 volts. Likewise the three phase voltage stabilizer, shown on right hand top side, is 
essential to eliminate the voltage fluctuations tor operating the delicate electronics used 
lor driving the triplemate The input supplies for the multi-scan drive (MSD), 
photomultiplier tube (PMT), charge coupled device (CCD), interface unit, personal 
computer, printer, video camera (VC), and its monitor; all the components arc operated 
tinough this stabilized power supply (230 V) alter down conversion where essential. 
Two air-cooled (CA) HX-750 units from Neslab, having a total chilling capability ol 
48 KW (filled with conductivity water in their 150 litre tanks) are run on 3 phase. 
230 volts and are used to absorb about 38 KW heat generated by 20 W Ar* Spectra 
Physics laser head, the dye laser and their power supplies. The chillers are essential, 
as mentioned earlier since the lap water which is pumped directly from underground 
waier-wclls at the Indian Institute of Technology, Kanpur, maintains a temperature of about 
3I C throughout the year.
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F i g u r e  H. A  s i h c m ; i l u :  d i a g i a m  o l  M i c r o  R a m a n  (vv il l i  R M T  a n d  C C H )  d e l c u m  s p  l i 'O i u i c  
s y s i c m  a i  I I I ,  K a n p u i
5.4. The optical system for triplemate micro Homan system .
T h e  o p t i c a l  r a y  d i a g r a m  o l  t h e  m i c r o - R a m a n  s y s t e m  i s  g i v e n  m  F i g u r e  0 .  N o r m a l ! )  a h u m  
1 W  o f  o u t p u t  m o n o c h r o m a t i c  l i n e  ( u s u a l l y  5 1 4  5  n m )  I r o m  2 0  W  m u l t i l i n e  A r +  l a s n  
i n c i d e n t  t h r o u g h  t h e  d i r e c t i n g ,  a n d  c o l l i m a t i n g ,  m i r r o r s  o n t o  t h e  g r a t i n g  G T h e  s li t s 
r e m o v e s  t h e  p l a s m a  l i n e s .  T h e  l e n s  />, f i v e  o t h e r  m i r r o r s  a n d  c o l l i m a t i n g  l e n s ,  o r d i n a r y  and 
d e n s e  f i l t e r s ,  d i r e c t  t h e  i n c i d e n t  b e a m  t o  t h e  s a m p l e  ( o b j e c t i v e )  s t a g e  o l  t h e  m i c r o s e o p i .  
t h r o u g h  t h e  b e a m  s p l i t t e r .  T h e  b a c k  s c a t t e r e d  l i g h t  t h r o u g h  t h e  s a m e  m i c r o s c o p e  o b j e c t o r  
i s  d i r e c t e d  t h r o u g h  t h e  s a m e  b e a m  s p l i t t e r  a n d  t h r e e  l e n s  c o m b i n a t i o n s  o n t o  t h e  e n t r a n t  
s l i t  5 ]  o f  t h e  t r i p l e i n a t e  T h e  t r i p l c m a t e  c o n s i s t s  o f  a  f i l t e r  a n d  a  s p e c t r o g r a p h  s t a g e  FIk 
f i l t e r  s t a g e  h a s  t w o  m o d i f i e d  C z c r n y - T u r n c r  s p e c t r o m e t e r s  c o u p l e d  in  a  s u b s l r a c t i v e  nioilc. 
e a c h  h a v i n g  a  5 0  x  5 0  m m  p l a n e  g r a t i n g  ( 6 0 0  l i n c s / m m )  a n d  h a v i n g  a  b a n d  p a s s  o l  about  
1 1 0 0  e n r 1 o n  u s i n g  5  m m  w i d e  i n t e r m e d i a t e  s l i t .  I n  t h e  s p e c t r o g r a p h  s t a g e  a n  a s y m i n c t i n  
C z e r n y - T u r n c r  m o u n t  w i t h  a  6 4  x  6 4  m m 2 p l a n e  g r a t i n g  w i t h  1 2 0 0  l i n e s / m m ,  is u SL‘(l 1(1 
p r o d u c e  a  d i s p e r s i o n  o f  1 . 4  n m / m m .
I n s i d e  t h e  t r i p l c m a t e  t h e  l i g h t  p a s s i n g  t h r o u g h  5 j  i s  c o l l i m a t e d  b y  a  m i r r o r  t  (,nl( 
G |  a n d  t h e r e f r o m  i t  i s  d i s p e r s e d  o n t o  f o c u s s i n g  m i r r o r / ' 1. A f t e r  p a s s i n g  t h r o u g h  *  K 
d e t e r m i n e s  t h e  b a n d  p a s s  o f  t h e  f i l l e r  s t a g e ,  t h e  l i g h t  s t r i k e s  t h e  s p a t i a l  f i l t e r  ( S F )  f11irr(
.mil  p a s s e s  t h r o u g h  t h e  f i x e d  s l i t  S$, w h i c h  e l i m i n a t e s  t h e  s t r a y  l i g h t .  S u b s e q u e n t l y  t h e  l i g h t  
is c o l l i m a t e d  a n d  d i s p e r s e d ,  i n  a n  o p p o s i t e  d i r e c t i o n  t o  c a n c e l  t h e  e f f e c t s  o f  t h e  i n i t i a l  
d i s p e r s i o n  F i n a l l y ,  i t  i s  i o c u s s e d  o n t o  t h e  e x i t  s l i t  o (  t h e  l i l t e i  s t a g e  t o  c o n t r o l  t h e  
i t : s o l u t i o n  o l  0 . 6  m e t e r  s i n g l e  s p e c t r o g r a p h  s t a g e .  T h e  f i n a l  c o l l u n a l i o n ,  d i s p e r s i o n  a n d  
t i i m c i a  i ' o c u s s i n g - m i r r o r s  p r o j e c t  a  f l a t  i m a g e  o n t o  t h e  l o c a l  p l a n e  o f  t h e  C C D  ( o r  P M T  
sl.t SO.
R a m a n  s c a t t e r i n g ,  p h o to - lu m in e s c e n c e  a n d  th e i r  c o r r e l a t i o n  e tc  p \ j
A  M a t .  u n d i s t o r t e d  f o c a l  p l a n e  i s  e s s e n t i a l  f o r  s e n s i t i v e  w o r k  w i t h  o p t i c a l  
m u l t i c h a n n e l  d e t e c t o r s  ( l i k e  v i d e o c o n s ,  d i o d e - a r r a y s  o r  c h a r g e  c o u p l e d  d e v i c e s ) .  T h i s  i s  
i M i i c v e d  b y  v i g n e t t i n g  t h e  f i e l d  w i t h  t h e  h e l p  o f  a  t o r n d a l  l e n s  ( 7 j  w h i c h  f l a t t e n s  t h e  
i c s p n n s c  o f  t h e  n o n - d i s p e r s e d  s e g m e n t  o f  t h e  b a n d  p a s s  r e c e i v e d  f r o m  t h e  e x i t  s l i t  o f  t h e  
h l i e i  d o u b l e  m o n o c h r o m a t o r  ( 0 . 2 2  m e t e r ) ,  e q u i p p e d  w i t h  g r a t i n g s  l o c k e d  i n  a  s u b t r a c t i v e  
d i s p e r s i o n  i n o d e .  T h e  s p e c t r a l  c o v e r a g e  o f  t h e  C C D  i s  l i m i t e d  t o  ~  6 5 0  c m -1 d u e  t o  i t s  1 2 . 5  
m m  l e n g t h ,  a l t h o u g h  a  f o c a l  p l a n e  o f  2 5  x  1 0  m m  ( h i g h )  c o u l d  b e  o h i u i n e d  m  t h i s  s y s t e m .  
T h e  s p e c t r a  a r e  r e p r o d u c i b l e  t o  w ' i l h i n  ±  2  c m -1 w i t h  a  r e s o l u t i o n  o f  2  c m -1 f o r  a  p a r t i c u l a r  
SL<m s i t i n g  o f  t h e  s p e c t r o m e t e r .  T h e  S i  ( 5 2 1  c m 1) o r  d i a m o n d  ( 1 3 3 2  c m 1) a r c  u s e d  l o r  
V i b r a t i n g  t h e  o b s e r v e d  d a t a .
’ ^ Liquid nitrogen cooled charge coupled detector (LNC-CCD) ■
'he LN C -C C D  f r o m  A s t r o m e d  i s  a n  i n t e g r a t e d  c h a r g e  c o u p l e d  d e v i c e  w h i c h  c o n t a i n s  
d i s c i  e t c  2 D  a r r a y s  ( w i t h  a n  a r e a  o f  8 . 5  x  1 2 . 5  m m 2)  o f  3 8 5  x  5 7 8  p i x e l s .  T h e  p o t e n t i a l  w e l l s  
' llc Ci |p u b l c  o f  t r a p p i n g  e l e c t r o n s  a n d  c a n  b e  m o v e d  a r o u n d ,  o n e  a t  a  t i m e  w i t h i n  t h e
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semiconductor, by applying a varying potential to the electrodes on the surface of the 
device. The output amplifies measures charge in each of the potential wells and produces 
the output signal covering a range about 650 cm-1 in the system with grating G having 12(X) 
lines/mm.
The LNC-CCD operates at 140 K. The dark current resulting from charges through 
thermal excitation (minimizing the charges produced by incident photons) is reduced ai 
140 K with respect to room temperature and longer integration times are possible without 
degradation of data during read out of images. The efficiency of the CCD is almost similar 
to that of a photomultiplier tube to detect ultra low light levels, but averaging capacity is 
like that of a photographic plate. The extended spectral range (200 to 1200 nm) becomes 
possible in this UV sensitized CCD— which provides a dynamic range of 10s with full 
imaging capability. The laser line with 500 mW at 752 nm would be most effectivc\to make 
use of its maximum sensitivity. A correlated double (differential) sampling technique could 
be used to minimize the differential noise sources associated with the charge sensing 
process.
6. Raman spectroscopy applications
The micro Raman technique is being used for tackling problems in geochemistry and 
geophysics (for study of rocks, ores and minerals) especially for solid and fluid inclusions 
118,191. Likewise identification, localization and characterization of g£ms, art materials, 
ancient sculptures, manuscripts and paintings, dust pollutants (sulphates, silicates, oxides, 
panicles); impurities in normal, bio-organic and inorganic materials (papers, textiles, 
plastics, ceramics, semiconducts, food, drugs, product of metabolism etc)\ evolution of 
molecular or crystalline composition and distribution of species in microscopic samples 
during chemical reactions (corrosion, thermal degradation, photochemical processes. 
electrochemistry, catalysis etc) have been achieved by this novel technique f 1K—251. We 
have established this facility at IIT, Kanpur, in 1990.
The optical levitation technique (in which 10 to 30 pm, microsizcd solid particles uic 
trapped in stable optical potential wells of the focussed beam of radiation from a cw laser) 
has been used to study Mic's natural mode resonances in Raman spectra of small glass 
spheres 126|.
With dye lasers, the wavelength of excitation, could be matched with electrons 
absorption bands of any sample to get the condition of resonance Raman scattering. One 
could gel 3 to 4 orders of magnitude resonance enhancement with lower input excitation 
intensities on biological, biomedical and other delicate samples to study their ground and 
electronically excited slates. The low lying electronic states of the same parity as the ground 
state {e.g. in Eu3+, GaP, Zn, Mg which have very low scattering cross section crRlim) have 
been investigated by this technique [27,28].
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The surface enhanced Raman spectroscopy (SERS) also enhances Raman scattering 
cross section, &Rani. by iO2 lo  1CT to r molecules inside absorbates and microscopic 
structures o f surfaces and interfaces due to 'long-range electromagnetic' or a short range 
'chemical com m unication ' between the absorbale and the substrate. SERS produces 
vibrational signatures w ithou t external perturbations (as in in fra red method) w ith  good 
resolution (un like  LE E D S ) [29].
The laser fields at two d ifferent frequencies, vL and vs can force a Raman mode 
for a medium to produce an oscillating dielectric constant, which interacts w ith the laser 
fields to produce directed coherent output beam frequencies nvL ±  m vs w ith intensity 
comparable w ith  the parent laser(s) [30J.
7. Controlled micro-oxidation on the surface of Cd-Te single crystals (39]
Single crystals o f CdTe are used fo r fabrication o f high efficiency solar cell strucliucs. 
nuclear radiation detectors, electro-optic modulators, laser windows, substrate material lor 
HgCdTc based oplo-clcctronic devices and in the epitaxy o f other 11-V1 compounds loi 
electronic and electro-lum incscenl applications. CdTe has been shown to exhibit mlrared 
phoiorefractivity and has acquired additional significance recently |40.41 ].
Insulating oxides from specific semiconductors arc essential lo r the development ol 
electronic and oplo-elcctronic devices (42,43]. Amorphous oxygenated CdTe (a-CdTe . O) 
films have been grown by the r.f. sputtering deposition technique in an A r-N -C ) atmosphere 
144,45] and a ternay amorphous compounds (C dTc^ vO p where the hand gap ol CdTe 
changes between 1.48 to 3.35 eV  and the resistiv ity  changes liom  \{)A to l( ) i:  U  cm on 
controlled oxygenation2 has been suggested 144].
W e provide an example o f m onitoring a controlled surlace oxidation on a micro- 
(nano-) meter scale in single crystals or wafers o f CdTe using controlled laser irradiation 
under ambient conditions w ith  N? serving as a catalyst and CL provid ing  nocessaiy 
oxidation Th is  process may provide interesting example o f nanostructures o f CdTc/C'd-Te- 
O system w ith  dispersion o f semiconductor (CdTe) nanostructures in an insulator Cd-Tc-O 
system or vice-versa. The semiconductor nanocrystals dispersed in transparent mull ices are 
known to present highly enhanced optical nonlincaritics and relaxation eflects due to the 
/cro-dim cnsional quantum confinement o f phonons as well as electron-hole pairs The 
nonlinear propci tics o f these hetero-phase systems w ith nanocrystal aggregates are strongly 
ullccied by the average size and s i/c -d is iribu tion  of nanocrystals. To study the species 
lormcd. the fundamental vibrational region would be most appropriate. A dd itiona lly , the 
CdTe oxide passivation may be tremendously helpful fo r optoelectronic device lahiicalion 
similar to the role o f S iO : in the Si-technology |43,44j
The  con tro lled  ox id a tion  of CdTe and its m-situ m on ito ring  using Raman 
spectroscopy in the 50-1250 cm-1 range i* presented.
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C r y s t a l s  o f  C d T c  w e r e  g r o w n  u s i n g  t h e  t r a v e l l i n g  h e a t e r  m e t h o d  ( T H M )  [ 4 5 ]  u s i n g  
9 9 . 9 9 9 9 ?  ( m e t a l  b a s i s )  p u r e  t e l l u r i u m ,  a n d  9 9 . 9 9 9 9 %  p u r e  C d .  T h e  t e l l u r i u m  w a s  f u r t h e r  
/ o n e  r e f i n e d  u s i n g  a  l a b o r a t o r y  b u i l t  a p p a r a t u s  h a v i n g  t w o  s o u r c e  h e a t e r s .  A  t y p i c a l  c h a r g e  
o f  7 5  g  t e l l u r i u m  w a s  l o a d e d  i n t o  a  c l e a n  a n d  o u t g a s s e d  q u a r t z  a m p o u l e ,  e v a c u a t e d  a n d  
s e a l e d .  Z o n e  r e f i n i n g  w a s  p e r f o r m e d  f o r  a  t o t a l  o l  4 5  p a s s e s  a t  1 . 5  c m / h .  T h e  c e n t r a l  p a r t  o f  
t h e  / . o n e  r e l m e d  i n g o t s  w e r e  m i x e d  w i t h  t h e  o t h e r  s t a r t i n g  e l e m e n t s  a n d  l o a d e d  i n t o  15  c m  
l o n g  q u a r t /  a m p o u l e s ,  e v a c u a t e d  a n d  s e a l e d .  T h e  s y n t h e s i s  r e a c t i o n  w a s  p e r f o r m e d  i n  a  
l a b o i a t o r y  b u i l t  r o c k i n g  f u r n a c e  k e p i  a t  8 ( ) ( V ' C  f o r  o n e  w e e k .  A  t h r e e  / o n e  v e r t i c a l  f u r n a c e  
was e m p l o y e d  t o  g r o w  t h e  c r y s t a l s  f r o m  t h e  m e l t  n e a r  t h e  m e l t i n g  t e m p e r a t u r e  ( a p p r o x .
I l(M)  ) u s i n g  a  h e a t e r  t i a n s l a i i o n  r a t e  o f  0 . 1  c m / h  L a i g e  g r a m  s i n g l e  c r y s t a l  i n g o t s  h a v i n g  
1 c m  d i a m e t e r  a n d  a b o u t  6  c m  l o n g  w e r e  o b t a i n e d .
\
R a m a n  m e a s u r e m e n t s  h a v e  b e e n  m a d e  u s i n g  - 1 8 0 °  b a c k s c a t l c i  i n g  g e o m e t r y .  I n  t h i s  
r e c o r d i n g  c o n f i g u r a t i o n  t h e  w a v e v c c l o r  o f  t h e  s c a t t e r e d  p h o t o n  ( ^ J .  i s  a p p r o x i m a t e l y  a n t i -  
p a r a l l e l  t o  t h e  e x c i t a t i o n  p h o l o n - w a v e v c c t o r  (q,). H e n c e ,  t h e  w a v e v e c l o r  o f  t h e  i n t e r a c t i n g  
s c a t  l e i  e d  p h o n o n  q s h o u l d  b e  2</,,  w h i c h  i s  n e g l i g i b l y  s m a l l  c o m p a r e d  t o  / o n e  b o u n d a r y  
w a v e v e c l o r .  a n d  h e n c e  z e r o  \ v a v c \ c c t o r  p h o n o n s  a r e  e x p e c t e d  L o w  s i g n a l  t o - n o i s e  r a t i o  in  
C C D  ( 1 4 0  K )  w a s  a c h i e v e d  l o i  a c c u m u l a t i o n  l i m e s  o f  u p t o  1 5  m i n u t e s  f o r  e a c h  s p e c t r u m  
l e a v i n g  t h e  s a m e  a m o u n t  o l  t i m e  f o r  b a c k g r o u n d  t o  b e  s u b t r a c t e d ,  a n d  a l l o w i n g  h e a l  
r e l a x a t i o n  d u r i n g  t h i s  p e r i o d .  L a c h  a c c u m u l a t e d  s p e c t r u m  w a s  s m o o t h e n e d  ( w h e n e v e r  
n e c e s s a r y ) w i t h  a  l o u r i c r  f i l t e r i n g  a l g o r i t h m  u s i n g  d i e  p e a k  I'll p r o g r a m  ( J a n d e l  S c i c n l i l k  
S o l t w a r e ) .  T h e  L o r e n t / i a n  l u t i n g  f o r  v a i i o u s  s a m p l e  l i n e s  [ 4 b ]  h a s  b e e n  a p p l i e d  t o  o b t a i n  
t h e  t o t a l  i n t e g r a t e d  i n t e n s i t i e s
7 2 ( initialled exolution of IcO'i on the surface of CdTe
I a l c s s  l e  a p p e a r s  o n  t h e  s u r l a c e  o l  s i n g l e  c i y s t a l s  o f  C d T c .  T h e  f o r m a t i o n  o l  a n  o x i d e  o l  
I ' e  o n  s a m p l e  s t a n d i n g  m  a n  l o r  l o n g  l i m e  i s  e x p e c t e d .
I i g u r e  1 0  s h o w s  t h e  r e l e v a n t  p o r t i o n s  o l  t h e  s p e c t r a  o b t a i n e d  m  t h e  5 0 - 8 5 0  c m  1 
r e g i o n s  h o r n  a b o u t  <  2  p m  d i u m c l c i  s p o t  o l  t h e  s a m p l e  o l  C d T c  s i n g l e  c r y s t a l s  
w i t h  a  2 m V V  A i + l a s e r  b e a m  f a l l i n g  o n  ( a )  v i r g i n  s p o t  a n d  ( b )  a  s p o t  a l t e r  i r r a d i a t i n g  w i t h  
1 5  5  m V V  p o w e i  o l  t h e  s a m e  l a s e r  f o r  a b o u t  1 5  m i n u t e s .  T h e  R a m a n  b a n d s  o b s e r v e d  in  t h e  
s p e c t r a  a r e  g i v e n  i n  T a b l e  3 ,  a l o n g  w i t h  t h e  m o s t  p r o b a b l e  a s s i g n m e n t s  T h e  unambiguous 
d e t e c t i o n  o l  [ T e ( ) , |  :  r a d i c a l  i s  e s t a b l i s h e d
7  The tellurium modes '
T c  a g g r e g a t e s  o f  d i a m e t e r s  o l  s e v e r a l  n a n o m e t e r s  c o u l d  e a s i l y  b e  p r e p a r e d  b y  u s i n g  d i l u t e  
a c i d s  ( 1 5 ^  s o l u t i o n  o f  c o n c e n t r a t e d  H N O O  l o r  a p p r o x i m a t e l y  t w o  m i n u t e s  o n  t h e  suilace 
o l  I r e s h l y  c l e a v e d  t e l l u r i u m  [ 4 7 | .  T h e  t e l l u r i u m  m o d e s  n e a r  9 2 .  1 0 3 ,  1 2 3  a n d  1 4 1  ( p a r t i a l l y )  
c o u l d  b e  a s s i g n e d  t o  t h e  p r e s e n c e  o l  T c  o n  t h e  s u r f a c e  o f  C d T c  14 7 1. T e  h a s  a t  l e a s t  t w o  
o r d e r s  o l  m a g n i t u d e  l a r g e r  s c a t t e r i n g  c r o s s  s e c t i o n  c o m p a r e d  t o  t h a t  o l  C d T c .
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R a m a n  S h i f t  ( c m ' 1)
F i g u r e  1 0 .  R e l e v a n t  p o r t i o n s  o l  t h e  m i c r o - R a m a n  s p c c i i a  e x c i t e d  b y  ? I 4  .*> n m  ( 2  m W )  Uisc i  
l i o m  a  s a m p l e  o l  C d T e  h a v i n g  a  s p o t  d i a m e t e r  o f  < 2  p m  ( a )  v n g i n  s p o i  a n d  ( b )  s p o t  i r r a d i a t e d  
w i t h  13  3  m W  p o w e r  fo i  a b o u t  I S  m i n u t e s
O u r  s a m p l e s  r e t a i n e d  i h c  T c  b a n d s  T h i s  i s  c o n s i s t e n t  w i t h  t h e  v i e w  t h a t  b u l k  C d T e  
c r y s t a l s ,  g r o w n  b y  d i f f e r e n t  t e c h n i q u e s  c o n t a i n  T e  p r e c i p i t a t e s  d u e  t o  t h e  r e t r o g r a d e  s h a p e  
o l  t h e  s o l i d s  n e a r  t h e  m e l t i n g  p o i n t .
T a b i c  3 .  O b s e r v e d  R a m a n  t r a n s i t i o n s  ( e n f 1 ) i n  C d T e  i n  d i l u i c  s o l u t i o n  | M ) | .  a n d  i n  s i n g l e  
c r y s t a l  b o t h  i n  v i r g i n  a n d  i i r a d i a t e d  s p o t s  a i  l o o m  t e m p e r a t u i c  ( a ) ,  ( b )  a n d  ( c )  , u c  a l l c i  
i c l e r e n c e s  | 4 7 J ,  1 4 8 ]  a n d  |*>0) T h e  w o o l s  w  v .  s .  m ,  s h  a n d  b  w i t h i n  p a r e n l h e s c s  h a v e  b e e n  u s e d  
t o  d e n o t e  t h e  n a t u r e  o l  b a n d s  w e a k ,  v e r y ,  s t r o n g ,  m e d i u m ,  s h o u l d e r  a n d  b m a d  i n  l h a l  m d c i
V i r g i n  s p o i l u a d i a i e d  s p o i A s s i g n m e n t s
9 6  9  ( w ) 9 2  ( w ) v*|(j. ( 6 ) <l,)
1 0 7  ( v w )
1 2 3 ( V ) 1 2 7 ( v s )
141  ( m i 141  ( m ) T O l C d ' I ' d 1' " *  i
1 6 7  ( s h ) 1 6 7  ( s l i ) L O t C ’ d  Te )  (b)
1 7 4 ( v w ) 2 * 9 2  ( T e )
2 6 9  ( v w .  h ) 2 6 9  ( v w ,  b ) 2  x  141  ( 2 T O )
7 2 4  ( v w )  7 2 6 ( , ) v | / ' ’ ( T e O ^ )
7 6 4 ( 1 1 1 ) .  3 6 4 v ,  {A | M T e O ^ - )
3 8 1  w  ( v v w ) v  4  ( £ )  ( T c O ^  )
6 6 ?  ( v v w ) v'a (A )  ( T c O ^ t
7 0 7  ( w a v ) . 7 0 7 1' ' M < / : ) ( T c O j ' )
7 7 2  ( v s ) .  7 5 8 ' ' 1 v  | ( T e O ^ j  )
l v 'Ai k ) a c O \ )775 (m)
7.4. The CdTe bands :
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The single crystals o f  C dTe exhibit longitudinal optical L O  phonons (»167 c m '1) along 
<100> and < 1 1 1> faces and TO  phonons (141 cm "1) along < 1 10> and < 1 1 1> planes [48]. 
In our sam ple the laser was incident over <111 > surface, which implies that both LO and 
TO  phonons should be present in the observed spectra. The proper assignm ents [48] of the 
C dT e phonons is also given in Table 3 both for the virgin and inad ia ted  spots. The two 
phonon band at 269 cm -1 is attributed  to the anharm onic effects in the system . The 
anharm onic coefficient [2TO (calc .)-2T O  (observed)] o f  13 c m '1 is quite reasonable. The 
larger half w idth o f  this band is also consistent with its assignm ent as a two phonon band.
7.5. TeO2/  optical phonons :
The isolated sym m etric bent T eQ 2~ion belongs to the pyramidal structure belonging to the 
C 3v point group. For this point group all o f the four normal m odes o f vibration are Hainan 
(and infrared) active. The observed normal modes o f the ion in dilute solutions are given in 
Table 3 along with the sym m etry species, Aj and E [50]. The totally sym m etric T e -0  
stretching m ode vx at 758 cm-1 is higher than the doubly degenerate asym m etric stretching 
m ode at 703 cm -1. Likewise, the sym m etric deform ation m ode v2 at 364 cm -1 is higher 
than the asym m etric  doubly degenerate  deform ation m ode v4 at 326 cm-1 [50,51]. On 
low ering the sym m etry to C2v or C p the doubly degenerate m odes would exhibit splitting 
Likew ise, in crystalline environm ent, shifting o f these m odes under crystal potential and 
site sym m etry or factor-group splittings are expected. H ence the total num ber o f  observed 
bands could be six (all active in R am an and infrared under C, sym m etry) or any higher 
num ber depending upon the crystalline field, the num ber o f aLoms per prim itive cell etc 
A dditionally  the surface nano- (m icro-) structures w ould exh ib it quantum  dot (zero- 
d im ensional), quan tum  rod (one-dim ensional), quantum  surface (tw o-dim ensional) or 
quantum  size (3-dim ensional) effects. The tellurate is produced within 2 pm  diam eter with 
free Te aggregate  and C dTe lattice around it are likely to exhibit several o f  the above 
effects. Thus, the evidence o f nano-structures within micron sized spot is illustrated through 
m icro-R am an spectroscopy.
For a com parison, the extra bands observed from  irradiated spot in Figure 10, are 
also given in Table 3 along with their assignm ents. The follow ing conclusions are drawn
(a) the degenerate deform ation m ode v4, falling in the free T e ( |” at 326 c m '1 shows lifting 
o f degeneracy w ith com ponents at 324 and 381 cm -1. Likew ise, the degenerate asymmetric 
stretching m ode v3 (E) falling at 703 cm -1 exhibits w eaker tw o com ponents at 662 and 
703 c m '1. T here seem s a rem arkable coincidence o f  the v2(A|) m ode (falling exactly at 
364 cm -1 in the C dT e-T e-T eQ f" environm ent) to the free T eO 2" ion band at 364 cm in 
solutions. The totally sym m etric m ode Vj(A|) in the TeC§" exhibits a Ferm i-resonance with 
the unshifted  position at 746.5 cm -1 show ing a small shift (11.5 c m '1) to low er frequency 
side as com pared to the free ion position at 758 cm ”1.
Raman scattering, photo-luminescence and their correlation etc p 23
7 ()_ Fermi resonance in Te02f  bands :
W henever tw o vibrational levels belonging to d ifferent vibrations (or com binations o f 
vibrations) having nearly the sam e energy, and symmetry species, fall near each other, only 
the perturbed levels are observed in the spectrum  [52,53]. The unperturbed separations 6 
between the tw o positions could be calculated by using the sim ple relation betw een the 
observed intensities l\ and f2 o f the two bands and the observed (perturbed) separation A o f 
ihc bands [52] by the sim ple expression / , / / 2 = (A + 8)/(A- <5). In the recorded spectrum in 
the 720-800  cm -1 region tw o prom inent peaks have been observed at 732 and 777 e n r 1 
with total separation o f  45 c m 1, and total area enclosed by them is in the ratio 2.009 to 1 
arbitrary units. U sing the above expression, the unperturbed separation 6 is calculated as 
15.9 cm -1. The final position o f  the totally sym m etric v, band of TeO^” in solution and in 
[he present case before and after perturbation is depicted in Figure 11 by the continuous 
line. The pertu rb ing  level is ev idently  the overtone o f the splitted com ponent o f the 
asymmetric bending m ode, v4, falling at 381 cm -1. The v, mode in th eT eO ^ system would 
have been in position  ii(a) at 746.5 cm -1. H ow ever due to the Ferm i resonance it is 
displaced further to position  ii(b) at 732 c n r 1. The mean position o f Ferm i-pair 7 3 2 - 
777 cm-1 is 754.5 c n r 1 and it is very close to the position o f  this band in dilute solution at 
758 c n r 1. Sm all shift o f  the Ferm i doublet on higher irradiation pow er (Table 4) has also 
been observed.
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Figure 11. The main bands 732 and 777 cm'1 in the Raman spectrum of TeO- on CdTe 
[A] observed spectrum and Lorentzian peak fit analysis in the 650-830 cm 1 range [B] v\ 
band (—) in (i) dilute solution and (ii) unperturbed calculated positions (a), and perturbed 
(due to Fermi Resonance) positions (b) of v\ band (—) and 2v4 band on the surface of 
CdTe-Te-TeOj-”. The 754.5 cm"1 (- - -) represents the mean of the two band positions
7 7. The photoluminescence of CdTe :
We have m ade an ex tensive study o f  the phololum inescence (PL) o f CdTe sam ples.Six
excitation w avelengths nam ely, 514.5, 501.7, 496.5, 488 .0 ,476 .5  and 457.9 nm were used.
The tem perature dependence o f the PL was also studied. Relevant portions ol a typical PL
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spectrum o f CdTe crystal observed on excitation with =»2 mW  of 457.9 nm laser light on the 
sam ple at =*25 K are given in Figure 12. A sharp peak at 1.60 eV which is unambiguously 
assigned to the emission maximum of near-band-gap transition o f CdTe. The band-gap at 
5 K is l .61 eV [54]. The broader shoulder at 1.48 eV and the most intense peak at 1.45 eV 
in the PL spectrum have been associated with defects due to Cd and Te respectively [54],
Table 4. The observed bands in 650-830 cm-1 due to Fermi Resonance of
2V] and 2v'4 bands of Te03 ion with 2 mW and 13.5 mW excitation powers
Band position cm'1 with excitation powers
2 mW 
732 (14)*
777 (6. 7)
The values in parenthesis denote FWHM in cm"1
This study suggests the detection .of CdTe from the sample on the basis of more 
sensitive PL studies. It has been observed that TeC§ ion production results in ihc 
diminution o f the overall PL signals due to CdTe crystals.
13.5 mW 
727 (18.4) 
763(10.9)
Energy (eV)
l «  l «  141 151 ISJ 1 SS 158 1 61 164 1 67
11300 11710 11820 12130 12340 12300 12710 12020 13130 13340
W a v e n u m b e r !cm ‘1)
Figure 12. Photolumincscence spectrum of CdTe ai *25 K with 457 9 nm laser excitation
Conclusions
On the basis o f a com bined m icro Ram an and pho to lum inescence  studies the 
sim ultaneous existence o f CdTe and Te aggregates distributed over the surface (and entire
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volume) of the cry&tal is suggested. On irradiation with an intense laser power T eO ^  ions 
are created w ithin <2 ^lm diam eter spot on the surface o f CdTe crystal. The study is 
important to explore the m utual interactions of the Te aggregates, TeO?" ion and CdTe
semiconductor.
8. Inhomogeneity within GaAs/AljGa^As oval defects
(a) C r y s ta ll in e  o r ie n ta t io n  : lOO(LO), IIO(TO), I ll(L O , TO) .
Micro-Raman studies have been carried out to investigate the crystalline inhomogeneities in 
the periphery and inside the oval defects sized «2 to 20 pm in GaAs and A lt Ga,_< As 
epitaxial layers. Figures 13(a), (b), (c) and (d) display spectra taken from different points of 
2 x  1016, 2 x  1017, 5 x  1017 and 3 x 10 18 cm 3, Si-doped GaAs in that order. A sharp LO 
phonon lines at 292 ±  1 cm -1 from normal regions indicates the perfect orientation ol 
cpilayers as (100) plane. In the 3 x 1018 c m '3 the position of TO mode is taken by the L 
mode. In the spectra under the oval defects, the additional appearance of TO modes at 
261) ± I cm -1 is interpreted as an important deviation of crystalline orientation (55], As the
(111) propagating phonon allows both LO and TO modes in backscattering geometry, the 
comparable intensity o f LO -TO  m odes in Figure 13(a) indicates the (111) plane at the 
center of the oval defects [56]. As the Si-dodpm g increases m Figure 13(b) and 13(d), the 
TO mode gains intensity very rapidly while the LO mode intensity drops systematically.
Figure 13. Depolarized room temperature Raman spectra taken fiom the various spots in and 
around the oval defect in (a) 2 x I016. (b) 2 x I017, (c) 5 x 1017 and (d) 3 x 1018 cm"3 Si-doped 
GaAs. The inset shows the trace of a typical oval defect. The vanous spots A. B, C and D are the 
defect spots and N is from defect-free regions The circles around these spots show the 
approximate size of the focussed laser beam
These observations suggest that the crystalline m orphology at the center o f oval defects 
becomes more (110) type with increasing Si-doping in GaAs [57].
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Similar variation of crystalline orientation was also observed in Al Ga
 ^ As oV3I
defects. In addition, tensile and compressive stresses have been inferred in the oval defe« 
of direct (0<x< 0.4) and indirect (0.4 < a:<  I) gap A J(G a ,_ ,. As alloys. '
(h ) C a rrie r  c o n c e n tr a tio n :
In polar semiconductors a strong coupling between the LO phonons and the free carriers 
exists if the plasma frequency is comparable to the LO phonon frequency. Because of this 
coupling the plasmons and phonons cease to be independent excitations and two mixed 
plasmon-LO phonon modes labelled L+ and Lr are observed. The frequencies of these two 
coupled modes follow [58J.
°>1 = l ( h '  + a ,Lo) ± f ( w X » ) ‘ -  III
This variaton o f the frequencies of L ±  modes with carrier concentration is shown in 
Figure 14.
n (cm'3)
Figure 14. F r e q u e n c y  s h i f t  o f  H a i n a n  s c n tie re il  
L ±  p h o n o n - p l a s m o n  m i x e d  in o d e .s  w i t h  c a ir ie i  
d e n s i t y  ( n  c m - 3 ) in  G a A s  a t  r o o m  t e m p e r a t u r e
Various oval defects and normal regions were excited in Si-doped GaAs samples 
The experim entally  observed values o f peak frequencies o f L ±  modes have been 
utilized to deduce the carrier concentrations (ne) at various spots through die relation 
(0/t = (4 n n 2 / m ' e ^ ) ' 12. Where £« is the high frequency dielectric constant and is the 
effective mass of the carriers.
The obtained carrier concentration at normal regions and defect spots in 5 x 10l7amJ 
3 x 10,8cm _3 Si-doped GaAs samples have been presented [591.
As an alternate method, the variation of surface depletion width with normal region 
carrier concentration have been used to find the concentration at the oval defects [591. The 
observed intensities o f LO and TO modes from various excitation spots are discussed 
Using these intensities the depletion width Ls was calculated at the oval defects.
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From the calculated value of Ls the carrier concentration at the oval defects was 
deduced using the carrier density variation with depletion width at defect free regions. The 
carrier concentration obtained from intensity ratio (depletion width) is computed and was 
found very close to that deduced from the position of L± modes. It has been demonstrated 
that the carrier density at the various oval defects of GaAs is lower than that in the 
respective epitaxial layers [59].
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